Background: There is considerable variation in psychological reactions to natural disasters, with responses ranging from relatively mild and transitory symptoms to severe and persistent posttraumatic stress (PTS). Some survivors also report post-traumatic growth (PTG), or positive psychological changes due to the experience and processing of the disaster and its aftermath. Gene-environment interaction (GxE) studies could offer new insight into the factors underlying variability in post-disaster psychological responses. However, few studies have explored GxE in a disaster context. Methods: We examined whether ten common variants in seven genes (BDNF, CACNA1C, CRHR1, FKBP5, OXTR, RGS2, SLC6A4) modified associations between Hurricane Katrina exposure and PTS and PTG. Data were from a prospective study of 205 low-income non-Hispanic Black parents residing in New Orleans prior to and following Hurricane Katrina. Results: We found a significant association (after correction) between RGS2 (rs4606; p¼0.0044) and PTG, which was mainly driven by a cross-over GxE (p¼ 0.006), rather than a main genetic effect (p¼ 0.071). The G (minor allele) was associated with lower PTG scores for low levels of Hurricane exposure and higher PTG scores for moderate and high levels of exposure. We also found a nominally significant association between variation in FKBP5 (rs1306780, p¼0.0113) and PTG, though this result did not survive correction for multiple testing. Limitations: Although the inclusion of low-income non-Hispanic Black parents allowed us to examine GxE among a highly vulnerable group, our findings may not generalize to other populations or groups experiencing other natural disasters. Moreover, not all participants invited to participate in the genetic study provided saliva. Conclusions: To our knowledge, this is the first study to identify GxE in the context of post-traumatic growth. Future studies are needed to clarify the role of GxE in PTS and PTG and post-disaster psychological responses, especially among vulnerable populations.
Introduction
Each year, an estimated 500 events throughout the world meet the Red Cross definition of a natural disaster (Norris et al., 2005) .
Whites, and those with higher income; Galea et al., 2008; Brewin et al., 2000; Norris et al., 2002) .
However, there is considerable variation in levels of posttraumatic stress (PTS), or symptoms of PTSD, in the aftermath of disasters. Even among vulnerable groups, survivors' responses range from relatively mild, acute, and transitory to severe and persistent PTS symptoms that meet diagnostic criteria for PTSD . Greater exposure to disaster-related stressors and lower social support have been shown to predict more severe PTS and PTSD (Norris et al., 2002) . In addition, some survivors also experience positive responses following exposure to traumatic events (Bonanno, 2004) , including posttraumatic growth (PTG), or self-reported positive psychological changes induced by the experience and processing of a traumatic event and its aftermath (Tedeschi and Calhoun, 1995) . These positive changes, which often co-occur with PTSD (Lowe et al., 2013) , include improved interpersonal relationships, a greater sense of new possibilities, increased personal strength, heightened spirituality, and an enhanced appreciation for life. Although less is known about PTG, recent studies suggest that upwards of 50% of survivors of natural disasters experience some degree of PTG (Tang, 2006; Xu and Liao, 2011; Yu et al., 2010) , with PTG being more common among older adults, non-Hispanic Blacks, and those exposed to a greater number of stressors (Lowe et al., 2013) .
Although genetic factors contribute to variation in response to trauma (Dunn et al., 2011; Koenen et al., 2009a) , only a handful of studies have examined gene-environment interaction (GxE) as a determinant of PTSD and anxiety-related outcomes in the context of a natural disaster (Kilpatrick et al., 2007; Koenen et al., 2009b; Amstadter et al., 2009; Pietrzak et al., 2013) . Kilpatrick and colleagues found a three-way interaction between 5-HTTLPR genotype, hurricane exposure, and social support, with the highest levels of PTSD detected among those with the short/short (s/s) genotype, low social support, and high hurricane exposure (Kilpatrick et al., 2007) . A similar finding was observed in the same study for RGS2, a gene that encodes the regulator of G-protein signaling 2; here, the highest levels of post-hurricane PTSD were observed among people with two copies of the RGS2 C (major) allele, low social support, and high exposure to the hurricane as well as other potentially traumatic events (Amstadter et al., 2009) .
Although this literature suggests that GxE may play a role in the etiology of post-disaster PTSD, these studies have several limitations. First, most were cross-sectional and unable to examine GxE at different time points post-disaster. Second, all lacked pre-disaster data, even though prior studies have shown that pre-disaster factors (e.g., mental health status, degree of social support) are among the strongest predictors of post-disaster psychological responses (Ginexi et al., 2000; Norris et al., 2002; Sullivan et al., 2013) . As a result, it remains unclear to what extent GxE predicts psychopathology beyond pre-disaster factors. Third, most examined only one gene, rather than multiple potentially important genes. Finally, no studies to our knowledge examined GxE for PTG.
The current study overcomes these limitations by examining whether ten common variants in seven genes (BDNF, CACNA1C, CRHR1, FKBP5, OXTR, RGS2, SLC6A4), identified as related to psychiatric phenotypes, modified the association between level of exposure to Hurricane Katrina ("Katrina") and degree of PTS and PTG. We used data from an on-going prospective study of 1019 (259 genotyped) lowincome non-Hispanic Black parents who resided in New Orleans prior to Katrina, which made landfall as a Category 3 storm on August 29, 2005 and led to extensive property damage and population displacement (Knabb et al., 2005 ; U.S. Department of Commerce, 2006) . Being part of an ongoing study uniquely positioned us to prospectively examine the relationship between exposure to Katrina and subsequent outcomes, after adjusting for pre-storm characteristics. Because of our modest sample size, we restricted our investigation to genetic loci previously associated with PTSD (BDNF, FKBP5, RGS2, SLC6A4) or an associated mood and anxiety disorder (CACNA1C, CRHR1, OXTR), either alone or in interaction with an environmental insult. We hypothesized that the highest levels of PTS would be observed among individuals with both high-risk genetic variants and higher hurricane exposure, after adjusting for pre-disaster factors. Given the lack of research on PTG, we made no a priori hypotheses for this outcome.
Methods

Sample and procedures
Data were from a sample of participants (Lowe et al., 2010; Rhodes et al., 2010) in the New Orleans site of the Opening Doors Study, a multi-site national study designed to examine whether modest performance-based scholarships promoted academic achievement, health, and well-being of low income parents attending community college (Richburg-Hayes and Brock, 2009 All T4 participants were invited to provide a saliva sample for the purpose of genomic analysis; 259 of these respondents did so. There were no significant differences between respondents who provided a sample and those who did not with respect to nearly all socialdemographic characteristics. However, respondents in the genetic sample had slightly higher levels of T1 social support (genetic sample mean¼ 3.25; SD¼0.46; non-genetic sample mean¼3.17; SD¼0.44; p¼0.032).
Measures
Predictors: Severity of exposure to Hurricane Katrina
Exposure to Katrina was measured at T3 using an 8-item scale jointly designed by the Washington Post, the Kaiser Family Foundation, and the Harvard School of Public Health (Brodie et al., 2006) . Participants indicated whether they experienced any of the following conditions in the immediate aftermath of the storm: (1) no fresh water to drink, (2) no food to eat, (3) felt their life was in danger, (4) lacked necessary medicine, (5) lacked necessary medical care, (6) had a family member who lacked necessary medical care, (7) lacked knowledge of safety of their children, and (8) lacked knowledge of safety of their other families members. Exposures were summed to create a total score. For the 101 individuals missing data on Hurricane Katrina exposure at T3, we used their responses to this scale at T4. Exposure reports were modestly correlated (r¼0.43) among the 104 participants with data at both T3 and T4; although some respondents over-reported (n¼38) (i.e., reported higher levels of exposure at T4 compared to T3) or under-reported exposure (n¼ 38), the average difference between the two reports of exposure was small (mean difference¼0.119; SD¼2.26).
Outcomes: post-traumatic stress (PTS) symptoms and post-traumatic growth (PTG)
Post-traumatic stress symptoms (PTS) resulting from Katrina were measured at T3 and T4 using the Impact of Events ScaleRevised, which is a 22-item self-report inventory capturing the major symptoms of PTSD, specifically intense fear, horror or helplessness, re-experiencing, avoidance/numbing, and hyperarousal (Weiss and Marmar, 1997) . Participants indicated how often during the past week they were distressed or bothered by experiences related to Katrina. Response options were on a 5-point Likert scale, ranging from 0 (not at all) to 4 (extremely). The scale has demonstrated good psychometric properties (Creamer et al., 2003) (T3 Cronbach's α ¼0.95, T4 α¼ 0.95).
Post-traumatic growth (PTG) was measured at T4 using the 21-item Post-Traumatic Growth Inventory (Tedeschi and Calhoun, 1996) , which has been used in previous disaster studies (Tang, 2001 ) and had good internal consistency reliability in our sample (α ¼0.93). Participants rated their extent of changes as a result of Katrina on a 5-point scale (0 ¼ not at all; 4 ¼extremely). Sample items included "I have a greater appreciation for the value of my own life," and "I am better able to accept the way things work out."
Covariates
All models controlled for T1 covariates: sex; age (18-25 vs. 26-35); social support, as measured by the Social Provisions Scale (Cutrona and Russell, 1987) , and psychological distress, as measured by the K6 (Kessler et al., 2002) . We also adjusted for the age of participants' youngest child assessed at T2 (0 ¼ages 0-2; 1 ¼ages 3-5; 2 ages 6-11; 3 ¼ ages 12-20). These variables have been shown in previous studies to predict level of exposure to a natural disaster or psychological outcomes (Norris et al., 2002) . We also adjusted for the wave when exposure was collected.
Genetic polymorphisms
We examined ten polymorphisms in seven genes, which have been previously associated with PTSD or an associated psychiatric outcome either alone or in interaction with an environmental insult (e.g., child maltreatment). In addition, 40 markers were genotyped as part of an ancestry informative marker set (AIMs) used to assess population structure in this sample.
1. BDNF (rs6265, chromosome 11p14): Brain-derived neurotrophic factor (BDNF) is a small secreted protein that influences neuronal growth and differentiation during development and neuronal survival, function, and plasticity in adulthood (Lewin and Barde, 1996) . BDNF has been implicated in a wide range of anxiety and mood disorders (Martinowich et al., 2007; Rakofsky et al., 2012; Frielingsdorf et al., 2010) . A missense variant (A/G SNP) in the BDNF gene, located at codon 66, changes the amino acid from valine (val) to methionine (met). This Val66Met polymorphism has been linked in some studies to an elevated risk for PTSD (Zhang et al., in press ). 2. CACNA1C (rs1006737, chromosome 12p13): CACNA1C is the gene encoding the alpha-1C subunit of the L-type voltagegated calcium channel. L-type calcium channels facilitate the entry of calcium ions into the cell during membrane polarization and are essential for fear learning and extinction (Davis and Bauer, 2012) . Prior studies have identified genome-wide significant associations between CACNA1C SNPs and risk for bipolar disorder (Psychiatric GWAS Consortium Bipolar Disorder Working Group, 2011; Ferreira et al., 2008) , schizophrenia (Schizophrenia Psychiatric GenomeWide Association Study (GWAS) Consortium, 2011; Nyegaard et al., 2010; Hamshere et al., 2013) , recurrent major depression (Green et al., 2010) , as well as shared risk across these and other disorders (CrossDisorder Group of the Psychiatric Genomics Consortium, 2013). 3. CRHR1 (rs12944712; chromosome 17q21): Corticotrophin releasing hormone (CRH) is a hormone involved in regulating the stress response via the hypothalamic-pituitary-adrenal (HPA) axis. Multiple variants in the gene encoding the CRH type 1 receptor (CRHR1) have been associated with depression and anxiety both alone and in interaction with exposure to child abuse and trauma Amstadter et al., 2011) . 4. FKBP5 (rs1360780, rs9296158, and rs9470080, chromosome 6p21):
FKBP5 encodes a negative regulator of glucocorticoid receptor function. We examined 3 intronic SNPs, rs1360780 (C/T), rs9296158 (A/G), and rs9470080 (C/T), which have been reported to predict peritraumatic dissociation (Koenen et al., 2005) and to moderate the effect of exposure to child maltreatment on PTSD symptoms or PTSD diagnoses (Xie et al., 2010) . 5. OXTR (rs53576, and rs2254298, chromosome 3p25): Oxytocin is a neuropeptide hormone linked to multiple social behaviors (e.g., attachment, interpersonal trust) and stress reactions in mammals (Gimpl and Fahrenholz, 2001) . Two SNPs in OXTR, the gene that encodes the oxytocin receptor, have been linked to social dysfunction (Tost et al., 2010) and found to moderate the relationship between childhood maltreatment or disadvantage on adolescent social and separation anxiety (Thompson et al., 2011) as well as adult emotion dysregulation and attachment style (Bradley et al., 2011) . 6. RGS2 (rs4606, chromosome 1q31): Regulator of G-protein signaling 2 modulates neurotransmitter response by accelerating the deactivation of G proteins. The rs4606 SNP has been associated with variation in RGS2 expression (Semplicini et al., 2006) . Prior studies have linked rs4606 to panic disorder (Leygraf et al., 2006; Otawa et al., 2011) , generalized anxiety disorder (Koenen et al., 2009b) , and anxiety-related phenotypes (Smoller et al., 2008) and have also found that this SNP modifies the effect of social support and hurricane exposure on PTSD symptoms (Amstadter et al., 2009 ). 7. SLC6A4 (variable number tandem repeat VNTR and rs25531, chromosome 17.q11-17.q12): SLC6A4 encodes the serotonin transporter, which plays a central role in serotonergic neurotransmission. A VNTR polymorphism (5-HTTLPR) located in the promoter region of the serotonin transporter gene (SLC6A4) has been commonly studied in GxE research (Caspi et al., 2003; Risch et al., 2009; Karg et al., 2011; Dunn et al., 2011) and consists of a short (S; 16 repeats) and long allele (L; 18 repeats); 5HTTLPR has been linked to PTSD and depression following trauma exposure (Kilpatrick et al., 2007; Xie et al., 2009; Grabe et al., 2009) . The L allele is associated with increased serotonin transporter expression. A functional A/G SNP has also been identified in the repeat region; 5HTTLPR L alleles that carry the G allele of rs25531 appear to be functionally similar to S alleles (Hu et al., 2005) . In accordance with prior studies, we combined VNTR and SNP genotypes and analyzed the number of minor (L A ) alleles (i.e., long VNTR with the A SNP).
Genotyping and quality control
DNA was extracted from saliva using Oragene DNA purification kits (DNA Genotek Inc., Ottawa, Ontario, Canada). SNP and 5-HTTLPR genotyping were performed at the Massachusetts General Hospital Center for Human Genetic Research.
SNP genotyping was performed in 267 samples (including 8 duplicates) using the Sequenom iPLEX Gold s chemistry and the MassARRAY s system. The concordance of the 8 duplicate samples was 0.99.
5-HTTLPR genotyping was performed on 264 samples (including 5 duplicates) using Applied Biosystems
s instruments and reagents. The concordance of the 5 duplicate samples was 1.0. Genomic DNA was amplified using the following primers: 5-HTTLPR-F 6FAM-GGCGTTGCCGCTCTGAATGC, 5-HTTLPR-R GAGG-GACTGAGCTGGACAACCAC. The long allele appears as a product of about 528 base pairs (bp) while the short allele is about 483 bp. The genotype of rs25531 imbedded in the VNTR was determined by digesting the VNTR PCR product with the restriction enzyme, HpaII. Post-digestion, products appear at either 335 bp (long VNTR with the A SNP), 292 bp (short VNTR with the A SNP), or 163 bp (G SNP from either the long or short form of the VNTR). The final genotype is determined from the results of both the digested and undigested PCR product. During quality control, we removed 5 AIMs and one SNP (rs2267735, in the ADCYAP1R gene) that had a call rate of less than 95%. We also removed 5 participants who had a call rate of less than 95%. In addition, we also removed 5 AIMs that failed Hardy Weinberg equilibrium (p o10 À 6 ). Thus, our final analytic sample included 254 participants with information on 39 SNPs (9 SNPs, 30 AIMs) plus the 5-HTTLPR. All SNPs had a minor allele frequency (MAF) greater than 0.05. We performed principal components analysis on the 30 AIMs to assess the population substructure and selected 207 non-Hispanic Black subjects based on the top two principal components. The final analysis of T4 PTS and PTG included 205 participants for whom hurricane exposure was recorded. The analysis of PTS at T3 included 163 participants.
Data analyses
Our multiple linear regression analyses proceeded in two steps. We first examined the effect of Katrina exposure on the three outcomes (T3/T4 PTS; T4 PTG), after adjusting for covariates. We then tested the association between each variant and the outcomes using a joint test for a main genetic effect and GxE (Kraft et al., 2007) . The joint test compares fit statistics (e.g., deviance) from two nested models (i.e., model with exposure effects is compared to a model with exposure and genetic effects and the GxE interaction). Prior studies have found that the joint test has more power to detect GxE compared to the traditional test of effect modification using the cross-product interaction term (Kraft et al., 2007) . In each model the genetic variant was coded additively as the number of minor alleles. Permutation was used to establish a significance threshold that accounted for multiple testing (p ¼ 0.0042 for PTS and p ¼0.0062 for PTG). These thresholds were derived using permutation, separately for each phenotype, to account for the correlation among the SNPs and the correlation between PTS T3 and T4. We generated 10,000 sets of permuted phenotypes, computed the p-value for the joint test, and recorded the minimum p-value across SNPs within each set and phenotype. We then computed the 5th percentile of the minimum p-value to establish the significance threshold accounting for multiple testing. For PTS, the permutation maintained the correlation between T3 and T4 to account for the fact that two time-points were tested. For each significant finding, we conducted post-hoc analyses to determine whether a main genetic effect or GxE was driving the association. All analyses were conducted in PLINK version 1.07 (Purcell et al., 2007) or the R package (R Development Core Team, 2011). A cube root transformation was applied to PTS at T3 and T4 to address non-normality.
Results
Hurricane exposure, PTS, and PTG
The sample was diverse with respect to levels of exposure to Hurricane Katrina (mean¼3.09 exposures; sd ¼2.17). About onethird of participants (29.76%; n ¼61) experienced 0 or 1 exposure, one-third (29.76%; n ¼61) experienced 2 or 3 exposures, and the remaining 40.49% (n ¼83) experienced 4 or more exposures. Level of exposure was negatively associated with social support (p ¼0.0001), such that the lowest social support scores (indicating less social support) were found among participants with 4 or more Katrina-related exposures (refer to Table 1 ). No other covariates were associated with exposure. However, there was a trend for people with higher levels of exposure to report more mental health symptoms at baseline.
Higher levels of stress exposure were associated with higher levels of PTS at T3 (p ¼8 Â 10 À 5 ) and T4 (p ¼2 Â 10 À 8 ), after adjustment for wave when exposure was collected. This effect persisted for both T3 (p ¼0.0015; r 2 ¼ 0.064) and T4 (p ¼1.1 Â 10 À 6 ; r 2 ¼ 0.117) after adjusting for all other covariates. However, level of Katrina exposure was unrelated to PTG (p ¼0.10; r 2 ¼ 0.015). All covariates were assessed at baseline. Number of children was coded according to the lowest age of the child, if there were multiple children. Not all rows will sum to 100% or total N due to missing data.
Interaction between genetic variants and hurricane exposure on PTS and PTG
As shown in Table 2 , we found evidence of two nominally significant genetic and GxE effects; one of these results (for RGS2) survived correction for multiple testing.
First we found a significant association between RGS2 (rs4606; p ¼0.0044) and PTG, which was mainly driven by a cross-over GxE (p ¼0.006), rather than a main genetic effect (p ¼0.071). At low levels of Katrina exposure, the G allele (minor allele) was associated with lower PTG (indicating less PTG). However, at moderate and high exposure, the G allele was associated with higher PTG scores (indicating more PTG; refer to Fig. 1 ). This result withstood correction for multiple testing. In this model, the GxE explained 3.9% of the variability in PTG.
Second, we found a nominally significant association between FKBP5 (rs1306780, p ¼0.0113) and PTG, with the T allele conferring a higher likelihood of experiencing PTG. The joint effect was driven by a genetic main effect (p ¼0.003) rather than GxE (p ¼0.537). This result did not withstand correction for multiple testing.
We did not find any significant associations between the genetic variants and T3 or T4 PTS (all p-values 40.05).
Discussion
In this prospective analysis of low-income non-Hispanic Black parents, we find the first evidence of gene-environment interaction (GxE) for post-traumatic growth (PTG). At low levels of exposure to Hurricane Katrina, G allele (minor allele) homozygotes at rs4606 (RGS2) had the lowest level of PTG. However, at moderate and high levels of hurricane exposure, G allele homozygotes had the highest level of PTG. This cross-over interaction result, which appeared to be driven more by a GxE than a main effect for RGS2, withstood a correction for multiple testing. We also found an association between FKBP5 (rs1306780, p¼0.0113) and PTG. However, this finding did not survive correction for multiple testing. We found no association between any of the genetic polymorphisms we examined and post-traumatic stress symptoms (PTS). Post-hoc power analyses suggest we had 75% power to detect a GxE that explained 5% or greater of the variation in T4 PTSD, with the genetic main effect explaining 0.2% of the variation and exposure to Hurricane Katrina explaining 12% of the variation.
Given the lack of prior GxE research on PTG, it is challenging to put this RGS2 finding in context. Prior studies have implicated the RGS2 rs4606 variant in a number of anxiety disorders and anxietyrelated phenotypes, including panic disorder, PTSD, generalized (Kessler et al., 2002) , age of participants' youngest child assessed at T2 (0 ¼ ages 0-2; 1¼ages 3-5; 2 ages 6-11; 3 ¼ ages 12-20), and wave when exposure was collected. 5-HTTLPR was coded as 0¼ long A (minor allele); 1¼long G or short A (no one in our sample was classified as short G).
anxiety disorder, and anxious temperament (Koenen et al., 2009b; Leygraf et al., 2006; Smoller et al., 2008; Amstadter et al., 2009; Otawa et al., 2011) , although results have been inconsistent (Hettema et al., 2013) . A study of adults exposed to Hurricane Andrew found significant interactions between rs4606 and level of hurricane exposure, with C allele homozygotes (major allele) with low social support and high hurricane exposure (as well as other potentially traumatic events) having the highest level of lifetime PTSD (Amstadter et al., 2009) . That is, the rs4606 G allele associated in our study with greater PTG among individuals with high levels of Katrina exposure was associated with reduced PTSD risk among those with high levels of exposure to Hurricane Andrew in this prior study. The G allele has also been associated with behavioral inhibition, a temperamental and familial risk factor for anxiety disorders, and with increased limbic reactivity to emotional stimuli (Smoller et al., 2008) . Future research is needed to replicate the rs4606 finding in the context of both natural disasters as well as other traumatic life events. Several limitations must be noted. First, although the inclusion of low-income non-Hispanic Black parents allowed us to examine GxE among a highly vulnerable group, our findings may not generalize to other populations or groups experiencing other natural disasters. Second, not all participants invited to participate in the genetic study provided saliva. However, only minor differences were observed in baseline social support between genetic participants and non-participants.
Despite these limitations, our study has substantial strengths. We limited our analyses to genetic variants previously implicated in PTSD and related phenotypes and we applied correction for multiple testing. We also examined GxE in the context of PTG, which is largely understudied (Kim-Cohen and Turkewitz, 2012) , and two continuous phenotypes, which provide greater power compared to categorical outcomes (Dunn et al., 2011) . We also examined these relationships in a sample of vulnerable nonHispanic Black respondents, who are often excluded from genetic research. We were also able to control for pre-disaster factors that could have confounded the GxE relationships.
Conclusion
In summary, our results suggest that RGS2 plays a role in PTG. Future studies are needed to understand which genetic as well as social and psychological determinants explain the variation in response to natural disasters and which populations are most vulnerable (or resilient) to developing PTSD and experiencing PTG following exposure to trauma.
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Dr. Dunn was supported in part by funding from the Center on the Developing Child at Harvard University. Dr. Lowe was supported by NIMH grant T32MH013043. Dr. Smoller was funded in part by NIMH grant K24MH094614. Fig. 1 . Association between exposure to Hurricane Katrina and RGS2 (rs4606) on post-traumatic growth (PTG) (n¼ 205). The figure displays the relationship between number of Hurricane Katrina exposures (x-axis) and levels of posttraumatic growth (y-axis). The findings for RGS2 withstood correction for multiple testing (p ¼0.0044). In our sample, 82 individuals were homozygous for the RGS2 rs4606 C allele (CC genotype), 104 were heterozygotes (GC genotype), and 19 were homozygous for the G allele (GG genotype).
